Abstract The marine soil samples were collected from different locations of Parangipettai mangrove ecosystem, Vellar estuary, southeast coast of India. Totally 30 different marine actinobacteria were isolated by serial dilution plate technique on starch casein agar medium. The isolated actinobacteria were investigated for their larvicidal activity against Aedes aegypti and Anopheles stephensi mosquitoes. Streptomyces fungicidicus, S. griseus, S. albus, S. alboflavus and S. rochei were identified as potential biocide producers. Based on the antimicrobial activity, five strains were chosen for larvicidal and pupicidal activity. Among the crude extracts tested, the S. alboflavus extract showed significant activity against Ae. aegypti (LC 50 1.48 ± 0.09 and LC 90 3.33 ± 0.22) and An. stephensi (LC 50 1.30 ± 0.09 and LC 90 3.13 ± 0.21). Five isolates have shown a most significant mortality rate of the Ae. aegypti and An. stephensi mosquito larvae. This is an ideal eco-friendly approach for the control of Japanese encephalitis vectors, Ae. aegypti and malarial vector An. stephensi.
Introduction
Mosquitoes are vectors of many vertebrate blood parasites. Mosquito borne diseases such as malaria, filariasis, dengue and viral encephalitis contribute to a larger proportion of health problems of developing countries. In recent years, as a result of changes in public health policy, social factors and development of resistance in mosquitoes as well as the pathogens they transmit, there has been resurgence in the incidence of mosquito borne diseases (Geetha et al. 2007 ). Vector control is recognized as an effective tool for controlling these tropical diseases. Synthetic insecticides have been used for several decades to control varied dipteran pests. However, the use of chemical insecticides has been greatly impeded due to the development of physiological resistance in the vectors, environmental pollution resulting in bio amplification of food chain contamination and harmful effects on beneficial non target animals. Therefore, there is a need for alternate, more effective and environmentally friendly control agents (Dhiman et al. 2010; Rajesh et al. 2014 ).
Biological control is slow but can be long lasting, inexpensive, and harmless to living organisms and the ecosystem; it neither eliminates the pathogen nor the disease, but brings them into natural balance (Ramanathan et al. 2002) . At present, microbial insecticides are the main component of the bio-pesticide industry (Xie 1998; Shi 2000) . Most of the pesticidal micro-organisms, however, have been isolated from entomopathogens and the terrestrial environment (Zhang 1996; Leonard and Julius 2000) . Several varieties of microorganisms including fungi, actinomycetes, bacteria, viruses and nematodes that are antagonistic to insects have been reported as strategies to biologically control them. Balakrishnan et al. (2013) extracted mosquitocidal Bacillus sp, whose extracellular metabolites exhibited mosquito larvicidal and pupicidal activity, from the mangroves of Parangipettai, southeast coast of India.
Marine organisms exploiting aggressively in several countries with an apparent focus on bioactive compounds (Berdy 2005; Demain and Sanchez 2009 ). The first report on the marine actinobacteria was made by Nadson (1903) when he observed and documented those in the salt mud. Extensive surveys were conducted for distribution of marine actinobacteria in the sediments of North Sea and Atlantic Ocean (Weyland 1969; Mehlhorn et al. 2005; Amer and Mehlhorn 2006a, b; Rahuman et al. 2009a, b) . These studies reported that the marine actinobacteria are the best sources for isolation of unique bioactive compounds compared to terrestrial ones. The actinomycetes are noteworthy as antibiotic and enzymatic producers, making three quarters of all known products; the Streptomyces species are especially prolific and can produce many antibiotic and other class of biologically active secondary metabolites. If we include secondary metabolites with biological activities other than antimicrobial, actinomycetes are still out in front, over 60 %; Streptomyces spp. accounting for 80 % of these (Hopwood et al. 2000) . Actinomycetes play an important role in the biological control of insects through the production of insecticidally active compounds against the house fly Musca domestica (Hussain et al. 2002) . Actinomycetes gave a good effect, shown as lowest pupal formation percentages of Drosophila melanogaster (Gadelhak et al. 2005) . Dhanasekaran et al. (2010) found that the actinomycete isolates producing strong larvicidal activity against Anopheles mosquito larvae. However, actinomycetes were effectively used against Culex quinquefasciatus (Sundarapandian et al. 2002) . Many actinomycete strains caused larval mortality, of the cotton leaf worm Spodoptera littoralis, ranging from 10 to 60 % (Bream et al. 2001 ). In addition, considerable lethal effect of some actinomycetes was observed on pupae. Due to this property, marine actinobacteria have received much attention in recent days. It has been proposed that these antimicrobials are used in competition between microorganisms, offering an advantage to the producer strains (Jensen et al. 2005; Karthik et al. 2010b ). Balakrishnan et al. (2014) studied the biosynthesis of silver nanoparticles with leaf aqueous extract of A. marina provides potential source for the larvicidal activity against mosquito borne diseases. Keeping these points, the present study has been undertaken to isolate and screen the larvicidal compounds producing actinobacteria from sediment of Parangipettai mangrove (Southeast coast of India) and also to characterize the different isolates by analyzing biochemical and larvicidal spectrum of actinobacteria against Ae. aegypti and An. stephensi mosquitoes.
Materials and methods

Soil sample collection
The soil samples were collected randomly from different locations in the Parangipettai mangrove ecosystem (11°29 0 N; 79°47 0 E), southeast coast of India. The samples were collected in plastic bags and immediately transported to the laboratory. To increase the isolation of actinobacteria, six different types of media were selected. A tenfold serial dilution series was made and plated in triplicate on agar plates. The plates were incubated at room temperature (28°C) and monitored periodically over 3 months for actinobacteria growth (Karthik et al. 2010a, b; Vijayakumar et al. 2007 ).
Isolation of actinobacteria
Starch casein agar (SCA) medium was prepared and sterilized at 121°C in 15 lbs pressure for 15 min. Subsequently the sterile medium was supplemented with Amphotericin B 50 lg/l and tetracycline 20 lg/l to prevent the bacterial and fungal contamination. One gram of soil sample was serially diluted. 100 ll of the aliquots from the 10 -5 was spread over the SCA plates and incubated at 28 ± 2°C for 7 days. After the incubation period, the actinobacterial colonies were purified and maintained in starch casein agar medium for further investigations.
Mosquito culture
The eggs of Ae. aegypti and An. stephensi were collected in and around Parangipettai area with the help of 'O' type brush. The eggs were transferred to 18 9 13 9 4 cm-size enamel trays containing 500 ml of water for larval hatching and larvae were fed with brewer's yeast and dog biscuits. Pupae were transferred to plastic jars containing tap water which was placed in wooden mosquito cage (90 9 90 9 90 cm) where adults emerged. They were maintained and reared in the laboratory as per the method of Kamaraj et al. (2008) .
Extraction of extracellular bio metabolites from actinobacteria
The pure actinobacteria isolates were inoculated into a 500 ml conical flask containing 200 ml of starch casein broth and incubated at 28 ± 2°C in a shaker incubator for 7 days. The cell free culture filtrates (supernatant) were taken and dissolved in equal volume of ethyl acetate and mixed properly for 1 h in a separating funnel. The solvent extract was removed, dried properly, dissolved in DMSO and was used for larvicidal bioassay.
Larval/pupal toxicity test
Laboratory colonies of mosquito larvae/pupae were used for the larvicidal/pupicidal activity by using the standard method (WHO 1996) . Twenty five numbers of third instar larvae/pupae (An. stephensi and Ae. aegypti) were introduced into wax coated paper cups containing 125 ml of dechlorinated tap water and 1 ml of un-inoculated DMSO broth. At each tested concentration, one to five different concentrations were made for each actinobacteria species. The control mortalities were corrected by using Abbott's (1925) formula.
Corrected mortality
¼
Observed mortality in treatment À Observed mortality 100 À Control morality Â 100
Percentage mortality ¼ Number of dead larvae=pupae Number of larvae/Pupae introduced Â 100
The LC 50 and LC 90 were calculated from toxicity data using probit analysis (Finney 1971) .
Larvicidal effect of potent actinobacteria on An. stephensi and Ae. aegypti During preliminary screening, the potent larvicidal actinobacteria was selected for further study. The larvae of An. stephensi and Ae. aegypti were collected and the 3 rd instar larvae were used for bioassay tests. Totally 100 larvae were exposed in five replicates of 20 larvae each. Experiments were conducted for 24 h at room temperature (28 ± 2°C). The control was maintained with dechlorinated tap water. For bioassay tests, each 20 larvae were maintained in 249 ml of water. Different concentrations (10, 20, 30, 40 and 50 ppm) of actinobacterial extract were added. The numbers of dead larvae were counted after 24 h of exposure, and the percentage mortality was reported from the average of five replicates.
Characterisation and identification of actinobacteria
The selected actinobacteria showing larvicidal activity were further identified by the characteristics of colony morphology, microscopic observations by Cover slip culture technique and biochemical properties and identified up to generic level by the standard methods (Pridham et al. 1958; Shirling and Gottlieb 1996) . The isolates from Streptomyces fungicidicus, S. griseus, S. albus, S. alboflavus and S. rochei that exhibited total mortality (100 %) were identified to species level based on morphological, cultural and physiological characteristics.
Statistical analysis
The average larval mortality data were subjected to probit analysis for calculating LC 50 and LC 90 , and other statistics at 95 % fiducial limits of upper confidence limit (UCL), lower confidence limit (LCL) and Chi-square values were calculated using the SPSS 16.0 version (Statistical software package) to find the regression equation values (Reddy et al. 1992) . Results with p \ 0.05 were considered to be statistically significant.
Results and discussion
Actinobacteria have provided many important bioactive compounds of high commercial value and continue to be routinely screened for new bioactive compounds. Biological control or 'biocontrol' is the use of natural enemies to deal with mosquito populations. There are several types of biological control including the direct introduction of parasites, pathogen and predators to target mosquitoes (Kenneth 1995) or by using the dead spores of varieties of the natural soil bacteria and actinomycetes which used to interfere in the digestion systems of larvae. Actinobacteria are a group of gram positive organisms producing a number of antibiotics and enzymes. In addition to antibiotics they also produce some biologically active secondary metabolites. These metabolites are found to be toxic to mosquito larvae. Hence control of vector borne disease is becoming difficult due to the increasing resistance of mosquitoes to insecticides (Balaraman 1995) .
In this study, totally, 30 actinobacterial isolates including white, grey, brown, pink and yellow colour colonies were isolated from soil samples of Parangipettai mangrove ecosystem. Among them, 21 isolates showed larvicidal activity against Ae. aegypti and An. stephensi mosquito larvae, particularly, five isolates S. fungicidicus, S. griseus, S. albus, S. rochei and S. alboflavus were more toxic to the late third instar larva of Ae. aegypti and An. stephensi. The present study revealed that the larvicidal and pupicidal activities of some marine actinobacteria at low concentrations and short exposure time. These crude extracts have potential for the development of new and safe control products for Ae. aegypti and An. stephensi. As naturally occurring insecticides, these marine actinobacteria-derived materials could be useful as an alternative for synthetic insecticides controlling field populations of Aedes and Anaphelos spp. The genus and species of strains with good larvicidal and pupicidal activities against Ae. aegypti and An. stephensi were identified as S. fungicidicus, S. griseus, S. albus, S. rochei and S. alboflavus using cell wall composition analysis, morphological characteristics studies, nonomura key and Bergey's manual of determinative bacteriology (Table 1) . Utilization test Dhanasekaran et al. (2010) reported that among 30 isolates of actinobacteria, only 23 isolates showed anti larval activity against Anopheles mosquitoes, and of the 23 isolates, only four isolates showed 100 % inhibition. Based on the morphological characteristics, the actinobacteria were identified as Streptomyces sp., Streptosporangium sp, and Micropolyspora sp. Similar type of work has been reported by many workers using B. thuriengiensis (Balaraman et al. 1979 (Balaraman et al. , 1983a Manonmani and Balaraman 2001) , B. sphaericus (Rajendran et al. 1991; Balaraman 1995) , B. thuriengiensis (Prabhakaran et al. 2000) , B. subtilis, B. thuringiensis, B. sphaericus and B. cereus (Balakrishnan et al. 2013) , fungus Trichoderma viridae (Geetha and Balaraman 2001) and actinobacteria (Dhanasekaran et al. 2010; Vijayakumar et al. 2007 ). The insect mortality may be due to the secretion of bioactive materials of actinobacteria against Culex mosquito species. This work has been reported by many researchers (Willoughby et al. 1987; Herbert 2010; Vijayakumar et al. 2010; El-Khawagh et al. 2011) .
Based on the antimicrobial activity, S. fungicidicus, S. griseus, S. albus, S. rochei and S. alboflavus were retained and used for the screening of larvicidal and pupicidal activity against Ae. aegypti and An. stephensi. The obtained data exhibited that the isolates have lethal effects. Complete mortality of treated larvae with secondary metabolites of S. fungicidicus, S. griseus, S. albus, S. rochei and S. alboflavus was recorded while the other isolates cause mortalities ranged from 66.7 to 50.0 % (Tables 2 and 3) . The crude extracts of marine actinobacteria often attributed to the complex mixture of active compounds. Larvicidal activities of crude extracts of five marine actinobacteria are presented in Table 4 . An. stephensi 72 ± 2.244 S. alboflavus Ae. aegypti 100 ± 0.000
An. stephensi 100 ± 0.000 LC 50 lethal concentration that kills 50 % of the exposed larvae, LC 90 lethal concentration that kills 90 % of the exposed larvae, UCL upper confidence limit, LCL lower confidence limit, v 2 Chi-square, df degree of freedom significant at p \ 0.05 level J Parasit Dis (Apr-June 2017) 41(2):387-394 391
The present results showed that, the extract of S. alboflavus was tested against the larvae of Ae. aegypti (LC 50 1.48 ± 0.09 and LC 90 3.33 ± 0.22) and An. stephensi (LC 50 1.30 ± 0.09 and LC 90 3.13 ± 0.21). The Chi square value was significant at p \ 0.05 level. The mortality values were significantly greater than the values of control. Based on the preliminary screening results, 100 % larval mortality obtained crude extracts alone were selected and subjected to bioassay for larvicidal activity against Ae. aegypti and An. stephensi. The present observation showed that all extracts showed moderate significant toxicity while the crude extract of S. alboflavus caused 100 % mortality against the larvae of Ae. aegypti and An. stephensi in 24 h incubation ( Table 5 ). The insecticidal activity of tetranectin (Ando 1983) , avermectins (Pampiglione et al. 1985) , faerifungin (Anonymous 1990) , macrotetrolides (Zizka et al. 1989 ) and flavonoids (Rao et al. 1990 ) was reported, respectively, by Streptomyces aureus, S. avermitilis, S. albidum, S. griseus, and Streptomyces sp., and the larvicidal activity of Micromonospora, Actinomadura, Actinoplanes, Micropolyspora, Nocardiopsis, Oerskonia, Thermomonospora, Sreptoverticillium, and Chainia was also reported. The metabolites of fungi and actinomycetes were studied against the ovicidal, larvicidal, and adulticidal activities of C. quinquefasciatus, An. stephensi, and Ae. aegypti. The metabolites of three actinomycetes have ovicidal activity, 35 actinomycetes have larvicidal activity, and no activity was shown against adults. Two Streptomyces sp. and one from Paecilomyces sp. were highly active with LC 50 value of 1-3 ll/ml (Vijayan and Balaraman 1991) .
The percentages of third instar larvae/pupa of Ae. aegypti and An. stephensi with crude extracts of S. fungicidicus, S. griseus, S. albus, S. rochei and S. alboflavus are presented in Table 6 . The crude extract of S. alboflavus exerted 100 % mortality at 50, and 10 ppm, a very high hatchability (100 ± 0.0, 12 ± 1.18 and 10 ± 1.22 respectively), was recorded against third instar larvae of Ae. aegypti and An. stephensi. The crude extract of S. alboflavus exerted 100 % mortality at 40, 50 and at 10 ppm, a very high hatchability (100 ± 0.0, 38 ± 1.72 and 23 ± 1.20 respectively), was recorded against pupae of Ae. aegypti and An. stephensi.
Recent studies have indicated that spinosad, a mixture of two tetracyclic macrolide compounds produced during the fermentation of a soil actinomycete, may be suitable for controlling a number of medically important mosquito species, including the dengue vector, A. aegypti (Antonio et al. 2009) . A new antibiotic ichthyomycin produced by Streptomyces sp. strain 1107 was tested for its toxicity and effect on the ultra structure of tissues of larvae of C. pipiens autogenicus. The mortality of larvae after 24-h exposure was 90, 30, 0, and 0 %, and after 48 h was 100, 100, 87 and 0 %, respectively (Nair et al. 1989 ; Zizka et al. An. stephensi 12 ± 1.18 64 ± 1.12 82 ± 1.14 71 ± 1.72 100 ± 0.0 38 ± 1.72 76 ± 1.62 84 ± 1.96 100 ± 0.0 100 ± 0.0 100 ± 0.0 ± SD standard deviation 1991). The ovicidal activity of 21 hyphomycete fungi species against A. aegypti was reported. The reported fungi were Paecilomyces carneus, P. lilacinus, P. marquandii, Isaria fumosorosea, Metarhizium anisopliae, Penicillium sp., Beauveria bassiana, and Evlachovaea kintrischica. These are the first kind of results to show the effects of entomopathogenic fungi against the eggs of A. aegypti, and they have potential as control agents of this vector (Luz et al. 2007 ). The screening results suggest that the crude extract of S. alboflavus is promising in mosquito control. Further studies on isolation of bioactive fraction/constituent may provide futuristic lead products for field application of mosquito control.
Conclusion
In conclusion, the present investigation clearly reveals the biodiversity and distribution of actinomycetes in different soil and their antilarval potentials of selected isolates. Actinobacterial metabolites showed more significant effect against An. stephensi and Ae. aegypti larvae. So it can be used as an alternative source of mosquito larvicides. Further studies are needed for identification of the active compounds that can be used in broad spectrum for controlling mosquitoes and also for the determination of the mode of action of these compounds. This investigation explores the importance of larvicidal actinomycetes as valuable resource for the discovery of novel insecticidal molecules.
